ABSTRACT Red blood cells from mature dogs contain less Na and more K than would be the case if they were in Donnan equilibrium with plasma. They have no ouabain-sensitive Na pump, and their membranes are deficient in Na, K-ATPase. Experiments are reported in which dog red cells were first loaded with supranormal quantities of Na and water and then reinjected into the dog. Over the course of 26-40 h the Na-and water-loaded cells returned to a normal state of hydration as judged by their density. It is concluded that dog red cells possess some means of correcting their swollen status in vivo, despite their lack of a ouabain-sensitive cation transport apparatus.
INTRODUCTION
The cation content of dog erythrocytes varies with the age of the cell and the age of the dog. Newborn puppies have red cells whose K content is appreciably higher than that of plasma (10) , and the same is true for reticulocytes in mature dogs (5, 14) . Mature red cells in mature dogs, however, are nearly in equilibrium with plasma with respect to their Na and K concentrations (1, 14, 19) . Previous studies have suggested that they do not possess the classical ATP-dependent Na-K pump seen in the red cells of most other mammals (6, 11, 12) , and that their membranes are lacking in Na, K-ATPase (2) . Despite these deficits they survive in the circulation for 100 days (22) . Since they are much more permeable to Na than most other mammalian red cells, a question arises concerning the mechanism by which they protect themselves from Donnan swelling.
This report describes experiments which show that dog red cells are quite capable of regulating their volume in vivo. The means by which they accomplish this remain obscure. A brief account of these findings has been reported (14) .
METHODS
Venous blood from healthy mongrel dogs or normal human volunteers was drawn into syringes rinsed with heparin (1000 U/ml). Measurements of ions and water 146 THE JOURNAL OF GENERAL PHYSIOLOGY · VOLUME 6, 1973 pages 146-157 were done after centrifuging cell suspensions at 25,000 g (25°C) for 15 min in specially designed Lucite tubes equipped with a narrow, 1 ml well at the bottom for collection of the cell button. The contents of these tubes were used to determine [125I] albumin extracellular space and the ion and water contents of cells and supernatant. The details of these methods are published elsewhere (13, 18) . With the exception of the studies reported in Table II , all cells were washed four times in a standard solution containing NaC1 140 mM, glycylglycine 5 mM (pH 7.5) before measuring their contents. 24Na efflux was measured by a published method (18) in which whole blood was preincubated for 2 h with 2'Na (chloride salt) 20 Ci/ml at 37 0 C. The external isotope was removed by washing with standard wash solution at 4C. Samples of the labeled, washed cells were pipetted into 100 times their volume of incubation solution at 37°C and incubated in a shaker bath. At intervals thereafter portions of the suspension were centrifuged at 4°C, and the radioactivity of the supernatant medium was compared with that of a hemolysate of the suspension. The results are expressed in terms of the percentage of counts released into the medium over a given time interval. No hemolysis correction was necessary. The methods for ATPase assay and ghost preparation have been described previously (15, 17) .
Details of the in vivo studies are reported along with the results. The technique of separating cells by density using mixtures of dimethyl and dibutyl phthalate is a modification of the method described by Danon and Marikovsky (3) . The composition of the phthalate solutions' is shown in Table I . The specific gravity of solutions I and 12 was measured by pycnometry at 25°C. The other mixtures, made up of various proportions of solutions 1 and 12, were calculated to have the specific gravities listed. Table I . The time interval after reinjection of labeled cells is indicated in the box above each graph. Pre, preinjection sample, explained in the text. Whole blood radioactivity is shown under each graph.
The density distribution of dog red cells shown in Fig. 1 agrees closely with the values found by this method in human cells (3). 3 ml of each phthalate mixture was pipetted into a centrifuge tube to which was added 1 ml of blood. The contents of the tube were thoroughly mixed and then centrifuged at 28,000 g (25°C) for 45 min. A Sorvall RC-2B centrifuge a was used, with the tubes placed in the outermost holes of the SM-24 rotor. The cells which floated on top of the phthalate were lysed with 2-3 ml water containing a drop of Acationoxg detergent and quantitatively removed. The phthalate was then discarded, and the bottom layer of cells was recovered. The amount of hemoglobin (OD 540 nm) and radioactivity in lysates of both upper and lower cell layers was measured. Autoradiography of blood smears was done by the method of Ronai (20) .
RESULTS

Ionic Equilibria
Table II presents the Na, K, and C content of mature dog red cells and plasma. If C1 is assumed to be at equilibrium across the membrane, and if all ions are completely in solution, then it can be stated from the cell/plasma ratios that the system is not in Donnan equilibrium. By this reasoning the cells contain less Na and more K than they would if these ions were passively distributed.
Eect of Ouabain on Na Efifux
The cation permeability of dog red cells is strongly influenced by their state of hydration (4, 16) . Na flux is most rapid in shrunken cells and slows progressively with sublytic swelling. These changes are independent of the Na content or tonicity of the medium; they can be demonstrated by following isotope movements in either direction across the membrane or by measurements of net ion fluxes (6) . Table III shows Na efflux measurements in dog red cells incubated in a Heparinized venous blood (pH 7.32-7.35) was centrifuged under oil within 10 min of collection. Specific gravity of plasma was 1.014 and of cells was 1.104. Mean -SD for five samples from four dogs. All synthetic media (Synth.) contained KCI 5 mM, glycylglycine 10 mM, glucose 10 mM (pH 7.5). Plasma was gassed with 95% O2-5% CO2. Ouabain was added in a concentration of 0.1 mM. The ouabain effect is expressed as the average of the differences between control and ouabain-containing media. A negative sign indicates ouabain inhibition. Mean 4 SD.
series of buffered media with varying NaCl concentrations. In all cases the external KCl concentration is 5 mM. Na efflux is also shown for dog red cells incubated in their own plasma. Values for human red cells subjected to the same procedure and incubated with the 135 mM NaCI buffer are also shown. The reason for expressing the results in terms of isotope released is that the kinetics of Na movements in dog red cells are so complex that a single value for milliequivalents per liter cells per unit time is not meaningful (9) . It is evident that as the dog red cells are placed in progressively dilute solutions of NaC1 their Na efflux falls, in accordance with the volume effect noted effect noted above. The difference in efflux with ouabain present is negligible in dog red cells under all circumstances. In human red cells ouabain causes an 80% drop in the rate of isotope release. In separate experiments scillaren and digoxin were also shown to be without effect on dog red cells.
Membrane A TPase
ATP hydrolysis was measured in the presence of ghosts prepared from dog and human red cells. Preliminary experiments showed that magnesium concentrations of 2.5-5 mM gave maximum rates of phosphate release in the assay system used. The lack of effect of Na, K, and ouabain on dog red cell ghosts is shown in Table IV . Values for ghosts prepared from human red cells are included for comparison. Table V shows the results of an experiment designed to raise the Na and water content of dog red cells. The procedure takes advantage of the high permeability of these cells to Na when they are dehydrated, as by incubation in a hypertonic medium. Freshly drawn cells were divided into two portions, one of ATPase activity is expressed in nanomoles of inorganic phosphate released per hour per mg dry ghost weight. All assay media contained (millimoles/liter) Tris, 10; ATP (Tris salt), 2; EDTA, 0.25; MgCI2, 5.0 (pH 7.5, 37 0 C). The ouabain effect is expressed as in Table II . Mean 4 SD for four studies except for * mean of two studies.
Loading of Cells with Na and Water
which was promptly washed four times in isotonic NaCI buffer (see Methods) in preparation for the measurement of cell Na, K, and water. The second portion was washed four times in hypertonic buffer (NaC1 225 mM, KCI 5 mM, glycylglycine 10 mM, glucose 10 mM, pH 7.5) and incubated in 10 vol of this solution for 3 h at 37C. The incubated cells were then washed five times with the isotonic NaCl buffer before the determination of their ion and water content. Table V shows that the incubation resulted in a net gain of about 40 meq Na and 400 g water per kg dry cell weight. 
In Vivo Volume Regulation
The ability of Na-and water-loaded cells to correct their volume in vivo was assessed by making use of the fact that they have a relatively low density. By labeling the cells with 5 6Cr and then reinjecting them into the dog their survival in the circulation could be followed, and their density in relation to the remainder of the dog's cells could be monitored. The cells from 50 ml of fresh dog blood were treated by hypertonic incubation as noted above, so as to raise their Na and water content. Na261CrO 4 0.2 mCi (1.8 jig) was added to the hypertonic medium. After 3 h at 37°C the cells were washed with isotope-free isotonic NaCl buffer and reinfused into the antecubital vein of the dog, who received no medication and was fully ambulatory. Immediately before the injection a small portion of the treated cells was mixed with 20 vol of fresh, unlabeled dog blood as a "preinjection sample."
At intervals after infusion of the labeled cells 15 ml of blood was withdrawn from the dog and processed immediately. Each blood sample was distributed among 11 tubes containing phthalate solutions 1 through 11 (Table I) . After mixing and centrifugation the red cells layer out above or below the immiscible phthalate oil according to their density. In Figs. 1-4 the points along the abscissa correspond to the numbers of the phthalate mixtures presented in Table I and 2 were carried out in almost identical fashion except that ouabain (0. 1 mM) was included in the hypertonic preincubation phase of the latter study. It is evident that 80-85% of the injected isotope remained in the circulation over a period of 40 h. In the preinjection sample and at the early time points the labeled cells were distinctly lighter than the bulk of the cells in the sample. Later on, however, the density of the labeled cells increased, until at 40 h the curves representing radioactivity and hemoglobin became superimposable. Preincubation with ouabain did not prevent the labeled cells from increasing their density. Fig. 3 presents the results of injecting chromium-labeled cells which had not been preloaded with salt and water. It is clear that the density of the infused cells remain normal for at least 70 h thus ruling out the possibility that the that the labeling procedure itself predisposes the cells to shrink in vivo. pension was gassed with 95% 02, 5% CO2 after each sample was taken. Radioactivity, 18500 cpm/ml suspension. homogeneously among all the cells in the circulation. Evidence against this possibility was obtained by autoradiography of blood smears made 48 h after reinjection of the labeled, swollen cells (Fig. 5) . This showed that the isotope was present in only a small fraction of the cells, which were incidentally noted to be quite normal in size and shape. The distribution of the photographic grains is shown in Fig. 6 . The great bulk of the cells contained 0-1 grains (background), while only a few cells had a large number of grains. 
